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Abstract. Influence of AgNbOs doping on structure, microstructure, dielectric, ferroelectric and
local piezoelectric properties of (KosNags)NbO; ceramics was studied. Decreased in the unit cell
parameters correlated with ionic radii changes. High effective local dss piezoelectric coefficient
values (800 pm/V) were observed in compositions studied.

1. Introduction

Potassium-sodium niobate (K,Na)NbO3 (KNN) perovskite ceramics are intensively studied last ten years
as the most promising materials for replacement the toxic lead oxide containing materials [1 - 18]. The
composition (KosNags)NbOs is close to the MPB between two orthorhombic phases and is characterized
by two phase transitions near 470 K between ferroelectric phases and at 670 K between ferroelectric and
paraelectric phases [10].

It should be noted that narrow sintering temperature interval for KNN-based ceramics comprises
special problem, and difficulties in preparation of stoichiometric compositions due to the presence of high
volatile potassium and sodium oxides [11 - 15]. Besides, the formation of oxygen vacancies in
nonstoichiometric compounds leads to an increase in ionic conductivity of the samples [16-18].

Silver niobate AgNbOs-based oxides showed great potential for use in power energy storage systems
due to their high energy storage density. In [19], an investigation was performed analyzing the chemical
structure and physical properties of AgNbOs. The results confirmed that the dielectric anomaly at ~440 K
originated from a phase transition between the non-centrosymmetric weakly polar and centrosymmetric
non-polar phases. The weakly polar phase exhibiting antipolar ordered behavior was proposed to be
ferrielectric one responsible for the strong field-induced double-like polarization hysteresis. The dielectric
relaxor behavior at ~340 K correlates with the presence of local ferroelectric-type polar domains in a
weakly polar/ferrielectric phase. The observed weak remnant polarization within double-like polarization
hysteresis under strong field cycles was explained as originating from the polarization contributed by the
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residual strong field-induced ferroelectric phase. In this work, influence of AgNbOj3 additive on properties
of KNN composition was studied.

2. Experimental
Ceramic samples (1-x)(Ko.sNaos)NbO; - xYAgNO3 with x = 0.0 - 0.10, Ax=0.02 were prepared by the sol-
gel synthesis, annealed at 77=673-773 K (4 h), T>= 1073 K (6 h) and sintered at 75= 1373-1393 K (2 h.

As initial reagents, tetrahydrate of sodium potassium tartrate KNaC4H4O0s-4H,O (“pure”), silver nitrate
AgNO; (“pure” containing 99.9 % of main substance) and niobium oxide Nb,Os (“pure”) were used.

Stoichiometric mixtures of salts and oxide were mixed in distilled water till their complete dissolving.
Then the suspension was evaporated, annealed at 673-773 K (4 h), mixed in ethanol, pressed in tablets,
annealed at 1073 K (6 h) and sintered at 1373-1393 K (2 h).

To improve sintering of ceramics the compositions were additionally modified by small amounts of
overstoichiometric LiF additives (5 w. %) in order to improve the sintering of ceramics [16, 17].

Phase content and crystal structure parameters of ceramic samples prepared were characterized by the
X-ray Diffraction method (DRON-3M, Cu-K,, radiation with wavelength 4=1.5405 A, in the 2 theta range
of 5 — 70 degrees). Spontaneous polarization and phase transitions of the samples were studied by the
Second Harmonic Generation (SHG) method (Nd:YAG laser, /=1.064 um in the reflection). Dielectric
measurements of ceramics with fired silver electrodes were performed on heating with 10 K/min. and
cooling in the temperature interval of 300 — 1000 K, and frequency range of 100 Hz — 1 MHz using
Agilent 4284 A (1 V). Microstructure of the samples was examined using the Scanning Electron
Microscopy (SEM) method (JEOL YSM-7401F with a JEOL JED-2300 energy dispersive X-ray
spectrometer system).

Atomic Force Microscopy in Piezoresponse Force Mode (PFM) (MFP-3D, Asylum Research, USA)
method with a Ti/Ir-coated conductive tip (Asyelec-02, Asylum Research, USA) with a radius of curvature
~ 28 nm was used for local piezoelectric properties measurements. The PFM out-of-plane images (mixed
signal) were scanned in the PFM Dual AC Resonance Tracking (DART) mode at 1-2 V and a frequency of
~980 kHz.

Before PFM measurements, the samples were polished using polycrystalline diamond up to the root
mean square roughness reached <10 nm. Effective piezoelectric coefficient dz; was calculated from PFM
phase and PFM amplitude hysteresis loops using Igor Pro software version 6.37 (Asylum Research, USA).
All measurements were repeated at least 4 times in the different locations of the same sample with strong
PFM domains contrast.

3. Results and discussion

Pure ceramic samples with orthorhombic perovskite structure were prepared (Figures 1a,b). Increase in
sintering temperature resulted in texturing of ceramics with increase in intensity of peaks at 23 grad.
(Figure 1b).

Slight shift of the X-Ray diffraction peaks to higher angles points to a decrease in the unit cell
parameters due to introduction of smaller Ag" cations into A-site positions of perovskite lattice (Figure
2a).

The SHG method measurements confirmed the polar nature of the samples prepared indicating to their
ferroelectric properties (Figure 2b). With increasing Ag" content, slight increase in intensity of the SHG
signal was observed at x=0.02 that pointed to an increase in spontaneous polarization of the doped
samples, while further decreasing may be attributed to more intensive coloration of the doped samples.
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Figure 1. @) - X-Ray diffraction patterns of the samples (1-x)(Ko.sNaos)NbO3 — xAgNbO3; with x=0.0 (1),
0.02 (2), 0.04 (3), 0.06 (4), 0.08 (5), 0.10 (6) doped with 5 w. % LiF sintered at 1320 K (1 h). b) — sintered
at 1320 K (5 min) — 900°C (4 h).
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Figure 2. a) - Parts of the X-Ray diffraction patterns of the LiF doped samples (1-x)(KosNaos)NbO; —
xAgNbO; with x=0.0 (1), 0.02 (2), 0.04 (3), 0.06 (4), 0.10 (5). b) - Concentration dependence of the SHG
signal g measured at the room temperature for the samples (1-x)(KosNaos)NbO3; — xAgNOs doped with 5
w. % LiF sintered at 1370 K (2 h).

Microstructure of the samples is sensitive to both substitutions and sintering conditions as well. With
increasing sintering temperature enlargement of mean size of grains was observed, though mean size of
grains slightly decreased with x increasing (Figure 3).
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Figure 3. Microstructure of the samples with x=0.02 (a), 0.10 (b). Bars — 10 um.

Dielectric properties of the samples were studied. Typical for the KNN-based compositions steps near ~
350 - 400 K and maxima at ~ 600 — 700 K were revealed in the dielectric permittivity versus temperature
curves (Figure 4). Slight decrease in temperature of the phase transition to paraelectric phase Tc, while an
increase in the ferroelectric tetragonal to orthorhombic phase transition temperature were observed in the
ceramic samples studied (Figure 5).
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Figure 4. Temperature dependences of dielectric permittivity &7)(a), dielectric loss tanXT)(b) and
1go(1000/T)(c) of the samples with x=0.0 (/a-c), 0.04(2a-c), 0.08(3a-c), 0.10(4a-c) sintered at T3=1323 K
(5 min) - T4=1173 K (2 h) measured at frequencies /=100 Hz, 1, 10, 100 kHz, 1 MHz.
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Figure 5. Temperature dependences of dielectric permittivity g7) of the

samples with x=0.0 (1), 0.04(2), 0.08(3), 0.10(4) sintered at T3=1323 K

(5 min) —» T4=1173 K (2 h) measured at frequency f = 1 MHz.
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Using PFM method complex domain structure consisting of multiple domain patterns was found in
investigated ceramics (Figure 6, top row). Simultaneous topography (not shown here) and out-of-plane
PFM images confirmed that the imaged patterns were due to their piezoresponse [20 - 22]. To study the
domain switching behavior of the Ag'* ions doped KNN ceramics, 7.5x7.5 um? positively polarized
domains embedded in a 15x15 um? equivalent negatively polarized domains were written (“box-in-box”
structure). Figure 6 (middle row) presents an information of the writing voltage images, the dark and
bright areas with applied —20V and +20V DC biases, respectively. Strong PFM contrast suggests complete
switching process under poling for piezoelectric active grains. The domains created are stable in the time,
and the PFM contrast of the written domains remained the same after 2 hours after the poling process
(Figure 6, bottom row).

Local PFM hysteresis loops observed indicated ferroelectric polarization switching at nanoscale for the
samples studied. An AC voltage (1-2 V) was superimposed onto a triangular square-stepping wave (f = 0.5
Hz, with writing and reading times 25 ms, and bias window up to + 20 V) during the remnant piezoelectric
hysteresis loops measurements.

Remnant hysteresis loops were received for separate grains (Figure 7a). All PFM hysteresis loops are
asymmetric along the axis Y. According to Jesse et al., this offset may be mainly attributed to the
electrostatic effect [20, 21]. Moreover, the local PFM hysteresis loops account for the polarization
switching process in a nanoscale, just below the tip. Therefore, intrinsic polarization in the nanoregions
may also contribute to the offset and asymmetry of the local piezoresponse hysteresis loops [22].
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Figure 6. Initial domain structure and temporary changes of images of polarized ceramics with x=0.0,
0.02, 0.04, 0.06 and 0.08. Marked regions in the middle row present regions of 15x15 pm? poled with —
20V DC bias and of 7.5%7.5 um? poled with +20V DC bias.
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The shifts along voltage axis of local PFM hysteresis loops indicate the presence of a biased-voltage
due to the different contact between the top (PFM tip) moved electrode and surface of the investigated
ceramic samples. The top electrode is the same (PFM tip coated Ti/Ir), so the shifts reflect the induced
interface electrostatic potential step due to the built-in electric field at the interface.

Local PFM hysteresis loops revealed that remnant ds; piezoelectric coefficient reached the highest
value of 800 pm/V for the initial KNN samples, decreased till 580 pm/V for the samples KNN-Ag with
x=0.04, and then increased till 700 pm/V in the samples with x=0.08, with the saturation of loops reached
at voltage value ~ 20 V (Figure 7b). Increase in the remnant ds; value at x > 0.04 may be explained by
increasing texture of these ceramics (Figure 1b). The calculated value of the piezoelectric coefficient for
the samples KNN-Ag is = in 3-5 times larger than those previously observed for ceramic samples in the
systems (Ko.sNags)NbOs - BaTiOs [17] and (Ko.sNag.s)NbO3 — Li(Nb,Mn)O;3 [23].
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Figure 7. PFM hysteresis loops (a), concentration dependence of effective ds3 values of the samples with
x=0.0 — 0.08 calculated from PFM hysteresis loops (b).

4. Conclusions

Structure, microstructure, dielectric, ferroelectric and piezoelectric properties of the (KosNaos)NbO;
ceramics doped by Ag'" ions were studied. Depending on composition and sintering conditions slight
changes in the unit cell volume and temperatures of phase transitions were observed. High values of the
remnant d33 piezoelectric coefficients ~ 600 — 800 pm/V were observed for ceramics studied. This
confirms their prospects for development of new efficient piezoelectric materials.
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